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Abstract
Background: Sheep scrapie is caused by multiple prion strains, which have been classified on the basis of their biological
characteristics in inbred mice. The heterogeneity of natural scrapie prions in individual sheep and in sheep flocks has not
been clearly defined.
Methodology/Principal Findings: In this study, we intravenously injected 2 sheep (Suffolk and Corriedale) with material
from a natural case of sheep scrapie (Suffolk breed). These 3 sheep had identical prion protein (PrP) genotypes. The
protease-resistant core of PrP (PrPres) in the experimental Suffolk sheep was similar to that in the original Suffolk sheep. In
contrast, PrPres in the Corriedale sheep differed from the original PrPres but resembled the unusual scrapie isolate, CH1641.
This unusual PrPres was not detected in the original sheep. The PrPres distributions in the brain and peripheral tissues
differed between the 2 breeds of challenged sheep. A transmission study in wild-type and TgBoPrP mice, which
overexpressing bovine PrP, led to the selection of different prion strains. The pathological features of prion diseases are
thought to depend on the dominantly propagated strain.
Conclusions/Significance: Our results indicate that prion strain selection occurs after both inter- and intraspecies
transmission. The unusual scrapie prion was a hidden or an unexpressed component in typical sheep scrapie.
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Introduction
Transmissible spongiform encephalopathies (TSEs) are fatal
neurodegenerative disorders caused by prions [1] and include
scrapie in sheep and goats, bovine spongiform encephalopathy
(BSE) in cattle, and Creutzfeldt-Jakob disease (CJD) in humans.
Although the etiopathogenesis of prion diseases has not been fully
elucidated, it is considered that these diseases result from the
formation of an abnormal variant of the cellular isoform of prion
protein (PrP
C); the abnormal isoform (PrP
Sc) and PrP
C exhibit
different secondary and tertiary structures, and undergo different
post-translational conformational changes [2]. PrP
Sc is distin-
guished from PrP
C on the basis of protease resistance: protease
partly degrades PrP
Sc to form a protease-resistant C-terminal core
fragment (PrPres), that has an unglycosylated form with a
molecular weight of 19–21 kDa. PrPres obtained from different
prion isolates have different N-terminal ends [3,4]. Furthermore,
in atypical scrapie sheep, a different size PrPres fragment along
with an another 10–12 kDa band is observed [5].
The identification of BSE and variant CJD has raised important
food-safetyissues[6].TheoriginofBSEisobscure,butBSE-causing
prions may have arisen from a sheep scrapie agent. Further, BSE
may have been transmitted to small ruminants via contaminated
feed stuffs. BSE affected goats have been occasionally reported [7].
Therefore, it is important to elucidate the biological and molecular
basis of sheep scrapie strains in their natural hosts.
Scrapie prions are classified into many different strains on the
basis of the incubation period, lesion profile, and PrP
Sc distribution
in inbred mice [8]. Conformational differences in PrP
Sc structure
may contribute to strain variations [9,10,11]. The heterogeneity of
natural sheep scrapie is reflected in the results of PrP
Sc molecular
profiling [12]. However, limited information is available regarding
the pathogenesis ofscrapieprion strainsin their original host–sheep.
The unusual scrapie isolate CH1641 and the PrPres that causes
BSE (l-type PrPres) have similar molecular weights [13], which are
lower than the molecular weight of the PrPres (h-type) that causes
typical scrapie [14,15,16,17]. Furthermore, CH1641 prions have a
protein fragment produced by the C-terminally cleavage of PrPres,
designed as PrPres #2 (molecular weight, 14 kDa) [18]. A
transmission study in ovine transgenic mice has revealed differences
between CH1641 scrapie and BSE [18]. Recently, natural cases of
CH1641-like scrapie, a rare disease, have been reported[14,17].
Prion strain diversity and TSE pathogenesis should be studied in
sheep, and the findings obtained may help reveal the origin of BSE.
In this study, we conducted a transmission study by injecting
prions obtained from a natural case of typical sheep scrapie
(G3571; a Suffolk sheep) into sheep of different breeds (Suffolk,
#2314 and Corriedale, #294) but with identical PrP genotypes
PLoS ONE | www.plosone.org 1 November 2010 | Volume 5 | Issue 11 | e15450with regard to the open-reading frame. The sheep Suffolk #2314
will be referred as the ‘‘Suffolk sheep’’ not to be confused with the
original [G3571] sheep. The PrPres that accumulated in the
Suffolk sheep was similar to the PrPres of typical sheep scrapie.
The PrPres that accumulated in the Corriedale sheep was similar
to that of the unusual CH1641-like prion. After transmission of
these scrapie agents to rodents, the complexity of these prions in
their natural hosts was observed. Interspecies prion transmission
has resulted in the selection or mutation of prion strains. In this
study, we showed that unusual scrapie prions were present in a
case of typical scrapie, and that intraspecies transmission of the
prions from this sheep resulted in the selection of a strain of PrPres
that was different from the original strain.
Methods
Ethics Statement
The study protocol was approved by the Animal Ethics
Committee (approval ID: 153, 404 and 520) and Animal Care
and Use Committee (approval ID: 04-III-6) of the National
Institute of Animal Health.
Sheep scrapie
A case of naturally occurring scrapie (G3571) was detected in
Ohio, USA in 1998 and used in this study. This sheep showed
ataxia and loss of fleece, and was diagnosed with scrapie on the
basis of (a) neuronal vacuolation observed on histopathological
examination and (b) the presence of PrPres in the brain and tonsils,
as observed on Western blot (data not shown). Brain tissue from
this sheep was homogenized in phosphate-buffered saline (PBS)
and centrifuged at 3,0006g for 10 min. The supernatant was
intravenously inoculated into 4 sheep (three of the Suffolk breed
and the other of the Corriedale breed) obtained from a historically
scrapie-negative flock in Japan. The experimentally challenged
sheep were monitored daily, and samples were collected after the
sheep showed clinical signs of scrapie. Unfortunately, the 2 of the
Suffolk sheep died accidentally at 7 and 259 days post inoculation.
One sheep (259 days post inoculation) harbored PrPres in the
Table 1. Summary of intraspecies transmission of sheep scrapie.
Sheep no. Breed PrP genotype
1 Scrapie challenge
2 Incubation period PrPres profile
3 PrPres #2
4
G3571 Suffolk MARQ/MARQ natural case 1 y
5 high-type PrPres -
#2314 Suffolk MARQ/MARQ G3571, i.v. 847 d high-type PrPres -
#294 Corriedale MARQ/MARQ G3571, i.v. 1,666 d low-type PrPres +
1PrP amino acid sequence at 112, 136, 154, and 171.
2Brain homogenates from G3571 were inoculated intravenously into 2 sheep (#2314 and #294).
3Classified on the basis of the molecular weight of unglycosylated PrPres.
4Existence of 14-kDa fragment of PrPres.
5Estimated ages of diseased sheep.
doi:10.1371/journal.pone.0015450.t001
Figure 1. Western blotting analysis of PrPres in scrapie sheep brain. Obex homogenates were subjected to analysis by Western blot. Each
lane contained 0.5 mg sheep brain equivalent sample. Lane 1: G3571, lane 2: #2314 (G3571-inoculated Suffolk sheep), lane 3: #294 (G3571-
inoculated Corriedale sheep), Mo: mouse-adapted scrapie Obihiro (25 mg brain equivalent), b: classical natural BSE (C-BSE) (0.5 mg brain equivalent).
A and D. PrPres was detected using mab T2. PrPres in lanes 1, and 2 was classified as high-molecular-weight PrPres (h-type PrPres), and that in lanes 3
was classified as low-molecular-weight PrPres (l-type PrPres). B and E. PrPres was detected using mab SAF-84. A 14-kDa fragment of PrPres (PrPres
#2) was detected in #294. C. PrPres was detected using mab P4. PrPres was analyzed before (A, B and C) or after (D and E) PNGase F deglycosylation.
Size markers (in kDaltons) are indicated on the left.
doi:10.1371/journal.pone.0015450.g001
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PrPres in the brains, and were excluded from this study.
PrP genotype of sheep
PrP genotyping of sheep was performed as described previously
[19]. All the sheep used in this study were homozygous for
polymorphisms of codons 112, 136, 154, and 171 in the PrP gene;
these codons encode the amino acids Met, Ala, Arg, and Gln,
respectively.
Bioassay
We intracerebrally inoculated 4-week-old female wild-type ICR
mice [20] and bovinized transgenic mice (TgBoPrP) [21] with
20 ml of 10% brain homogenates obtained from the scrapie-
affected sheep. TgBoPrP mice that expressing bovine PrP are
highly susceptible to natural sheep scrapie as well as bovine BSE
[22]. Phenotypic analysis of TgBoPrP mice with scrapie isolates
may help determine the origin of BSE. When the inoculated mice
showed clinical signs of terminal disease, they were sacrificed
under anesthesia, and their brains were collected and processed for
PrPres detection and examination for pathology. The brains of
mice that died of unknown causes were examined as well for the
presence of PrPres by Western blot.
Sample preparation for Western blot
PrPres-enriched samplesof brain tissue wereprepared using a
previously described procedure [23]. In brief, the brain samples
were homogenized in a detergent buffer containing 2%
sulfobetaine 3–14 and 0.5% N-lauroyl sarcosinate (sarkosyl)
and then incubated with 500 mg/ml collagenase, followed by
incubation with 40 mg/ml proteinase K (PK) at 37uCf o r
30 min. PK digestion was terminated by the addition of 2 mM
Pefablock (Roche), and the sample was precipitated by mixing it
with a butanol-methanol (5:1) mixture and then centrifuging it
at 20,0006g for 10 min. The pellet was subjected to Western
blot.
PrPres-enriched samples were prepared from peripheral tissues
as described previously [19]. In brief, minced tissues (200 mg)
were homogenized in 50 mM Tris-HCl (pH 7.5) containing 2%
(v/v) Triton X-100, 0.5% (v/v) sarkosyl, 100 mM NaCl, 5 mM
MgCl2, 20 mg collagenase, and 40 mgD N a s eIa n dt h e n
incubated at 37uC for 2 h. The homogenate was digested with
80 mgP Ka t3 7 uC for 1 h and then centrifuged at 68,0006g for
20 min at 20uC. The resulting pellet was suspended in 6.25%
Figure 2. Glycoform profile of PrPres in the sheep brain.
Glycoforms of PrPres that accumulated in the experimentally scrapie-
challenged sheep were analyzed. We analyzed the signal intensity of
the bands shown in Fig. 1A. PrPres was detected by mab T2. Black bar:
Ratio of diglycosylated PrPres to total PrPres. Dashed bar: Mono-
glycosylated PrPres. White bar: Non-glycosylated PrPres. Values are
expressed as the mean and standard deviation (percentage).
doi:10.1371/journal.pone.0015450.g002
Figure 3. PrPres detection from different regions of the sheep
brain. Each lane contained 0.5 mg sheep brain equivalent sample.
Lane 1: cerebral cortex, lane 2: brainstem (pons), lane 3: cerebellar
medulla, lane 4: cerebellar cortex, lane 5: obex, Mo: mouse-adapted
scrapie (25 mg brain equivalent). b: C-BSE (0.5 mg brain equivalent), h:
H-type atypical BSE (0.5 mg brain equivalent). PrPres from (A) #2314
(Suffolk sheep) and (B) #294 (Corriedale sheep) was detected using
mab T2. C. PrPres from #294 was detected by mab SAF-84.
doi:10.1371/journal.pone.0015450.g003
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for 5 min. Sodium phosphotungstate was added to the superna-
tant to achieve a final concentration of 0.3%; the resultant
solution was incubated at 37uC for 30 min with constant rotation.
After incubation, the solution was centrifuged at 20,0006g and
20uC for 30 min, and the pellet obtained was subjected to western
blotting.
Western blot analysis
Western blot analysis was carried out as described previously
with monoclonal antibodies (mabs) T2 [23], SAF-84 (SPI bio), and
P4 (R-Biopharm AG). Mabs P4, T2 and SAF-84 recognized
subregion of 89–104, 136–143, and 163–173 of sheep PrP,
respectively. For PrPres glycoform analysis, the relative quantities
of the 3 PrPres bands were measured using Fluorochem software
(Alpha-Innotech) after background subtraction. For band-profile
analysis, only samples within the linear range, i.e., those with
unsaturated signal intensities were used. PrPres from mouse-
adapted scrapie (Obihiro strain) [24], C-BSE (natural Japanese
case), and H-type atypical BSE (courtesy of Dr. S. Czub, Canadian
Food Inspection Agency) were used as controls.
Deglycosylation of PrPres
The PK-digested brain samples were denatured in glycoprotein-
denaturing buffer (0.5% SDS, 1% b-mercaptoethanol; New
England Biolabs) at 100uC for 10 min prior to incubation with
peptide N-glycosidase F (PNGase F; New England Biolabs) at
37uC for 2–4 h. The reaction was terminated by denaturation by
boiling in SDS.
Pathology and Immunohistochemistry
Brain samples were fixed in 10% buffered formalin, dehydrated,
and embedded in paraffin wax for examination for pathology. The
samples were then sectioned, and the sections were subjected to
hematoxylin and eosin or immunohistochemical staining. For
detection of immunolabeled PrP
Sc, dewaxed sections were pretreat-
ed with chemical solutions as described previously [25]. The mabs
SAF-84 (SPI-Bio) or T1 [26] were used for immunolabeling.
Results
Intraspecies transmission of sheep scrapie
The scrapie isolate of G3571 was transmitted intravenously to 2
sheep of different breeds, both of which developed ataxia,
Figure 4. Analysis by neuropathology of experimentally scrapie-challenged sheep. Immunohistochemical analysis: a. frontal cortex,
#2314; b. cerebellum, #2314; c. frontal cortex, #294; and d. cerebellum, #294. PrP
Sc immunolabeling was performed using mab T1. Bar: 100 mm.
doi:10.1371/journal.pone.0015450.g004
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incubation period differed between the 2 sheep (incubation period:
Suffolk, 847 d; Corriedale, 1,666 d) (Table 1). Both the donor and
recipient sheep had an identical PrP genotype.
Characterization of PrPres in sheep brain
PrPres accumulation in the brains of sheep experimentally
challenged with scrapie was examined by Western blot. Three
PrPres bands were detected from the brain tissues of both sheep.
Table 2. Summary of PrPres distribution in scrapie-challenged sheep.
Western blot lane Tissue Sheep
Suffolk Corriedale
#2314 #294
Fig. 3 1 Cerebral cortex ++ +
2 Brainstem (pons) ++ +++
3 Cerebellar medulla ++ ++
4 Cerebellum cortex +++ +
5 Obex ++ +++
Fig. S4 1 Trigeminal ganglia +++ -
2 Stellate ganglia - -
3 Vagosympathetic trunk + -
4-5 Vagus nerve + 6
6 Accessory nerve +++ -
7 Brachial nerve plexus - -
8 Median nerve + -
9 Radial nerve + ND
10 Phrenic nerve 6 ND
11 Sciatic nerve + -
12 Optic nerve +++ ++
13 Retina +++ ++
14 Pituitary gland ++ +
15 Spleen ++ +
16 Tonsil +++ +++
17 Retropharyngeal lymph node + +++
18 Mandibular lymph node + +++
19 Anterior mediastinal lymph node 6 ++
20 Anterior cervical lymph node +++ ++
21 Subiliac lymph node 6 ++
22 Popliteal lymph node ++ +
23 Hepatic lymph node +++ -
24 Internal iliac lymph node +++ 6
25 External iliac lymph node - -
26 Mesenteric lymph node 6 -
27 Renal lymph node 6 ++
28 Thymus 6 -
29 Spinal cord +++ ++
30 Parotid gland - -
31 Mandibular gland - -
32 Thyroid gland - -
33 Liver - -
34 Kidney - -
35 Pancreas - -
36 Adrenal gland + -
+++, ++, +, 6, - indicate the signal intensity on Western blot.
ND: not done.
doi:10.1371/journal.pone.0015450.t002
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unglycosylated PrPres from the Suffolk sheep was similar to that of
PrPres from G3571 (Fig. 1A) and scrapie-adapted mice. In
contrast, the molecular weight of unglycosylated PrPres from the
Corriedale sheep was lower than that of the PrPres from the
Suffolk sheep and that of the PrPres causing classical BSE (C-BSE)
(Figs. 1A and D). Analysis using mab P4 showed a different
immunoreactivity of PrPres from the Corriedale sheep than that of
Suffolk sheep (Fig. 1C). However, no distinct differences in the
glycoforms of PrPres were detected between the Suffolk and
Corriedale sheep by analysis using mab T2 (Fig. 2). We also tested
for C-terminally cleaved PrPres fragments by using mab SAF-84.
An additional 14-kDa PrPres product was clearly detected from
the Corriedale sheep. This 14-kDa band was also detected after
PNGase F digestion (Fig. 1E). However, only a small amount of
the 14-kDa band was present in the original G3571 sheep and the
inoculated Suffolk sheep and in BSE-affected cattle (Figs. 1B
and S1).
Characterization of PrPres in different regions of the
sheep brain
Both sheep harbored PrPres in the brain areas examined. In the
Suffolk sheep, the PrPres signal was high in the cerebellar cortex
(Fig. 3A, lane 4); moderate in the brainstem, cerebellar medulla,
and obex (Fig. 3A, lanes 2, 3 and 5); and low in the cerebral cortex
(Fig. 3A, lane 1). Mab 6H4, which recognizes the subregion 147–
155 of sheep PrP showed a similar result with that of mAb T2
(data not shown). In contrast, in the Corriedale sheep, the PrPres
concentration was high in the brainstem (pons) (Fig. 3B, lane 2)
and low in the cerebellar cortex (Fig. 3B, lane 4). The 14-kDa
band signals detected using SAF-84 were strong in the brainstem
(Fig. 3C, lane 2), weak in the cerebral medulla, and faint in the
cerebral cortex, cerebellar cortex and obex (Figs. 3 and S2).
Immunohistochemical analysis of PrP
Sc in the sheep
brain
In general, vacuolation and PrP
Sc accumulation in all brain
areas was more severe in the Suffolk sheep than in the Corriedale
sheep (Figs. 4 and S3). In the former, extracellular stellate,
perineuronal, and punctuate PrP
Sc deposits were seen in the
cerebral and cerebellar cortices, thalamus, and brainstem (Fig. 4).
In contrast, fine intracellular PrP
Sc deposits, particularly within the
neurons and glial cells, and near-total absence of extracellular
PrP
Sc deposits were observed in the Corriedale sheep (Fig. 4).
PrPres accumulation in the peripheral tissues of sheep
PrPres was detected in the peripheral nerve tissues, lymphoid
tissues, and adrenal gland of the Suffolk sheep (Table 2 and Fig.
S4). In contrast, in the Corriedale sheep, PrPres accumulation in
peripheral nerve tissues was limited to the optic and vagus nerves
(weakly positive). A large amount of PrPres had accumulated in
the lymphoid tissues, and the molecular weight differed from that
of the PrPres in the nervous tissues. No PrPres was detected in the
adrenal gland (Table 2 and Fig. S4).
Comparison of the PrPres observed in the nervous and
lymphoid tissues of the Corriedale sheep
The molecular weight of unglycosylated PrPres in the lymphoid
tissues of the Corriedale sheep was greater than that of C-BSE
PrPres (Fig. 5A, lanes 1 and 2). In contrast, the molecular weight of
the PrPres in the nervous tissues was slightly lower than that of C-
BSE PrPres (Fig. 5A, lanes 3 and 4). The 14-kDa fragment was
detected from the optic nerve and brainstem, but not from the
lymphoid tissues (Fig. 5B).
Interspecies transmission of scrapie to mice
G3571-inoculated ICR mice in the primary, secondary and
third passages showed incubation periods of 412, 315.8 and 337 d,
respectively (Table 3). Wild-type mice inoculated with the brain
homogenate obtained from the Suffolk sheep showed clinical signs
at 413.5 d after inoculation; this period is similar to the incubation
period for G3571. In contrast, wild-type mice inoculated with the
brain homogenate obtained from the Corriedale sheep showed no
clinical signs even at 700 d after inoculation, and no PrPres
accumulation was observed in the brains of these mice. Then the
brain homogenate from both sheep were intracerebrally inoculat-
ed into bovinized transgenic mice (TgBoPrP). After the first
Figure 5. PrPres profile in the nervous and lymphoid tissues of
#294 (Corriedale sheep). Lane 1: anterior cervical lymph node, lane
2: mesenteric lymph node, 3: optic nerve, and 4: brainstem. b: C-BSE, h:
H-type atypical BSE. A. PrPres was detected using mab T2. In #294, l-
type PrPres was detected from the optic nerve and brainstem, whereas
h-type PrPres was detected from the lymphoid tissues. B. PrPres was
also detected using mab SAF-84. An additional 14-kDa band was
detected from l-type PrPres, but not from h-type PrPres.
doi:10.1371/journal.pone.0015450.g005
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clinical signs after 249.5 d, and in the second passage, showed
signs after 184.6 d. A similar incubation period was observed in
mice inoculated with samples from the Corriedale sheep.
However, in the case of the Suffolk sheep, the incubation period
for the TgBoPrP mice was 693.8 d in the primary passage and
457.7 d in the second passage. The numbers of mice used for each
inoculation is shown in Table 3.
The findings for neuropathology in TgBoPrP mice after
inoculation with samples from the G3571 and the Corriedale
sheep were similar. Inoculation of these mice with samples from
the Suffolk sheep produced a different lesion profile (Fig. S5).
However, diffuse PrP
Sc deposition was observed in all TgBoPrP
mice, and no significant differences were observed in the findings
of immunohistochemical analysis (data not shown).
PrPres analysis in scrapie-affected mice
The molecular weight of the PrPres that accumulated in the
ICR mice infected with samples from the G3571 and Suffolk sheep
was greater than that of C-BSE PrPres (Fig. 6, lanes 3 and 5).
However, the molecular weight of the PrPres in the TgBoPrP mice
challenged with the 3 scrapie strains was lower than that of mouse
scrapie strains, but similar to that of C-BSE PrPres (Fig. 6, lanes 4,
6 and 7). The 14-kDa PrPres band was not detected from
TgBoPrP mice infected with samples from the Corriedale sheep
(Fig. 6, lane 7).
Discussion
Prion pathology varies with the host species. PrP amino acid
polymorphisms are attributed to the susceptibility of scrapie and
their incubation periods [27,28,29]. Multiple prion strains have
been isolated from some cases of natural sheep scrapie [30,31]. In
this study, we detected 2 different scrapie phenotypes in different
sheep breeds, even though they had identical PrP genotypes. One
of these strains, the unusual CH1641 isolate, has been isolated
from both natural and experimental cases of sheep scrapie
[15,32,33]. This strain shows some molecular similarities to
BSE-causing strains, and further studies are required to clarify
its possible involvement in the development of BSE and atypical
BSE. In the case of CH1641 prions, both l-type PrPres and the 14-
kDa PrPres #2 are detected, and PrP
Sc are mainly accumulated
within the neurons of affected sheep, and very little extracellular
PrP
Sc accumulation is seen in immunohistochemistry [34]. These
characteristics were identical to the Corriedale sheep (Fig. 4), and
we have concluded that the Corriedale sheep prions were
CH1641-like prions. In the Corriedale sheep, l-type PrPres with
and without PrPres #2 was observed in the brain (Fig. 3C). A
small amount of PrPres #2 band was detected in the cerebellum of
the Corriedale sheep (Fig. S2). In this study, prominent 14-kDa
band was detected in the Corriedale, but only a small amount in
the Suffolk sheep (Fig. 1). This result is consistent with the previous
report, that the l-type PrP
Sc could be present in a number of
scrapie sources [18]. Interestingly, the faint PrPres #2 band was
also detected from BSE cattle (Fig. S1). Multiple PrP
Sc types have
Figure 6. PrPres analysis in scrapie-passaged mice. PrPres that
accumulated in the brains of scrapie-passaged mice was analyzed by
Western blot. Lanes 1 and 2: C-BSE-passaged mice, lanes 3 and 4:
G3571-passaged mice, lanes 5 and 6: mice passaged with samples from
#2314 (Suffolk), lane 7: mice passaged with samples from #294
(Corriedale). Lanes 1, 3, 5: ICR mice. Lanes 2, 4, 6 and 7: TgBoPrP mice.
Mo: mouse-adapted scrapie. PrPres was detected using mab SAF-84.
doi:10.1371/journal.pone.0015450.g006
Table 3. Incubation period in mice inoculated with sheep scrapie.
Inoculum Passage
1 Wild-type mice TgBoPrP
n/n0
2
Incubation
period PrPres profle
3 PrPres# 2
4 n/n0
Incubation
period PrPres profle PrPres #2
G3571
(Suffolk)
1st 6/6 412.0624.9
5 h-type PrPres - 6/6 249.5645.8 l-type PrPres -
2nd 5/5 315.8610.0 h-type PrPres - 7/7 184.664.4 l-type PrPres -
3rd 5/5 337.0630.1 h-type PrPres - Not done
#2314
(Suffolk)
1st 6/6 413.5631.0 h-type PrPres - 6/6 693.8662.8 l-type PrPres -
2nd Not done 7/7 457.769.1 l-type PrPres -
#294
(Corriedale)
1st 0/6 .700 No PrPres 5/6 250.663.3 l-type PrPres -
2nd Not done 7/7 181.469.1 l-type PrPres -
Brain homogenates of sheep with scrapie (G3571, #2314, and #294) were intracerebrally inoculated into wild-type (ICR) mice and TgBoPrP mice.
1Brain homogenates from diseased mice were inoculated into other mice.
2Diseased mice/inoculated mice.
3Classified on the basis of the molecular weight of unglycosylated PrPres.
4Existence of 14-kDa of PrPres fragment.
5Mean incubation period 6 standard deviation (days).
doi:10.1371/journal.pone.0015450.t003
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shown that cattle intracerebrally inoculated with scrapie showed
the two disease phenotypes (h-type PrPres and l-type PrPres). In
some of the inoculated cattle, PrPres profile was different based on
what brain region was obtained [37].
CH1641-like PrPres (l-type PrPres) was not detected in the
lymphoid tissues of the Corriedale sheep by Western blot.
However, the prions accumulated in lymphoid tissues but were
almost completely absent in peripheral nervous tissues (Table 2
and Fig. S4). In contrast, PrPres was detected from both the
lymphoid tissues and peripheral nervous tissues of the Suffolk
sheep, which exhibited signs of typical scrapie (Table 2 and Fig.
S4). Prions are thought to be transmitted from the peripheral
tissues to the brain via the peripheral nerves [38,39]. In this
experiment, prions were intravenously inoculated and therefore
had easy access to the lymphoid tissues. It has been reported that
the scrapie strain in the sheep might influence the resulting PrP
phenotype pathology, and PrP
Sc accumulation in lymphoid tissues
is unrelated to the route of infection [40]. We consider that the
inability of PrP
Sc to replicate in the peripheral nervous tissues leads
to inefficient neuroinvasion and therefore longer incubation
periods (Table 1). PrPres in the lymphoid tissues of the Corriedale
sheep was classified as the h-type on the basis of the molecular
weight of its unglycosylated form and the absence of PrPres #2
(Fig. 5B). A possible explanation is that PrP
Sc conversion differs in
different tissues, leading to differences in PrP
Sc propagation:
Corriedale sheep may have different prion strains in the CNS and
lymphoid tissues. A similar result was obtained from the spleen of
ovinized transgenic mice infected with the CH1641 [41]. We
inoculated intravenously 2 other Suffolk sheep. Scrapie was
successfully transmitted to 2 sheep (one Suffolk and one
Corriedale), and we could not completely exclude that prion
strain separation was caused by a matter of chance or resulted
from an artificial route of transmission. Additional studies are
required to analyze the detailed characteristics of prions
accumulated in the peripheral tissues of Corriedale sheep. A
transmission study of lymphoid tissues to mice is in progress.
A mouse transmission study showed that the G3571 strain
contained different prions (Fig. 7). The h-type PrPres was detected
in samples from both G3571 and #2314 Suffolk, when wild-type
ICR mice were inoculated. In addition, both showed similar
incubation periods (approximately 410 d) and findings by
neuropathology for the presence of PrP plaques (data not shown).
However, no PrPres was detected in ICR mice inoculated with
samples from the Corriedale sheep. These results indicate that h-
type, but not l-type, PrPres was transmitted to wild-type ICR mice.
Since CH1641 prions cannot be transmitted to wild-type mice
[13,32], we could not compare the PrPres phenotypes of the 3
sheep scrapie strains in wild-type mice. We then used TgBoPrP
mice for this analysis and to determine the relationship between
BSE strains and the strain infecting the Corriedale sheep. The
results of the transmission study in TgBoPrP mice differed from
those obtained in the case of wild-type mice. All the scrapie-
passaged TgBoPrP mice harbored identical l-type PrPres without
PrPres #2, but showed different incubation periods: approxi-
mately 250 d in the case of the G3571 and Corriedale strains, and
694 d in the case of the Suffolk strain (Fig. 7 and Table 3). These
results differ from those obtained in the case of the sheep and wild-
type mice (Fig. 7). The incubation period of G3571-passaged wild-
type mice (412 d) was similar to that of wild-type mice passaged
Figure 7. Illustrative models of dominant PrPres in the brains of sheep and mice. PrPres was classified on the basis of its molecular weight
(h-type or l-type) and the existence of the PrPres #2 fragment. The dashed lines indicate similar PrPres. In the case of sheep transmission, PrPres in
#2314 was similar to that in G3571. In the case of mouse transmission, similar PrPres was amplified in wild-type mice inoculated with samples from
#2314 and G3571. All the 3 scrapie-passaged TgBoPrP mice harbored similar PrPres in their brains. Prions from #294 were not transmitted to wild-
type mice. The mean incubation period (days) is indicated beside the arrows. WT mice: wild-type mice.
doi:10.1371/journal.pone.0015450.g007
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TgBoPrP mice (250 d) was identical to that of TgBoPrP mice
passaged with prions from the Corriedale sheep. The different
incubation period (694 d) in TgBoPrP mice passaged with prions
from the Suffolk sheep also indicates that multiple prions coexist in
sheep (Fig. 7). Alternatively, there is a possibility that the 2 sheep
respond differently to a single scrapie isolate. It has reported that
PrPres conformers were selected by prion adaptation in interspe-
cies transmission [42]. There may have been a difference in the
proportion of the l-type associated strain that could have been
decreased in the #2314 Suffolk compared to that in the G3571
sheep and that the longer incubation period may just reflect a
lower infectious titer of the l-type strain. These results indicate that
prion propagation is influenced by host species. Further, the
transmission study using ovinized PrP expressing mice is under
consideration, and it may help to solve this question.
Our results show that sheep scrapie is cause by multiple prion
strains, and the resultant phenotype depends on which prions are
dominantly propagated in a given host. The reason why multiple
prion strains emerged during intra- and interspecies transmission
in this study is unclear. Differences between unidentified prion-
related host factors in the Corriedale and Suffolk sheep may have
influenced the neuropathological findings and PrPres distribution.
A putative cofactor, designated protein X, is thought to be
required for PrP
Sc formation and may be involved in the
experiments here [43]. Our results indicate that the host PrP
C
and other factors may control prion pathogenesis.
It is possible that the efficiency of prion replication in peripheral
tissues is low, leading to selection and/or mutations of the non-
dominant prions. This phenomenon may be augmented by
interspecies transmission and thereby result in the propagation
of minor prions in the infected animals. Intracerebral inoculation
may decrease the chances of strain selection and efficiently convert
PrP
C to PrP
Sc in the brains of infected animals. The conversion of
PrP
C to PrP
Sc is possibly a multi-step process involving the
formation of several intermediate forms of PrP [20,44]; one such
intermediate form of PrP
Sc may have been selected in the affected
animals.
All scrapie prions propagated in TgBoPrP mice showed
different characteristics from those of C-BSE and L-BSE prions
[45,46]. However, the SAF-84-detected PrPres profile of the
Corriedale sheep resembled that of H-BSE with the existence of
14 kDa band (Fig. 5). A comparative study of these 2 prions will be
a good model for the analysis of C-terminal truncated PrPres
fragments and their pathogenesis. The l-type PrPres and PrPres
#2 have been detected from ovine transgenic mouse affected with
CH1641 prions [15]. We did not detect PrPres #2 in the affected
TgBoPrP mice. CH1641-like prions may induce different
pathogenetic processes in cattle and in sheep.
The origin of atypical BSEs is unknown. If atypical BSEs result
from sporadic BSE [47], feed-ban programs will need to be
imposed. It has been proposed that the BSE may have originated
from sheep scrapie [48]. Our results clearly show that unusual
prions were masked by typical prions. Prion strain selection can
occur not only after interspecies transmission but also after
intraspecies transmission in animals with identical PrP genotypes.
The significance of prion strains as defined in mice remains poorly
understood in sheep scrapie. This study may bring some new
insights in this question.
Supporting Information
Figure S1 Western blot analysis of PrPres in scrapie sheep
brain. Obex homogenates were subjected to Western blot
analysis. Each lane contained 1.0 mg sheep brain equivalent
sample. Lane 1: G3571, lane 2: #2314 (G3571-inoculated Suffolk
sheep), lane 3: #294 (G3571-inoculated Corriedale sheep), Mo:
mouse-adapted scrapie Obihiro (25 mg brain equivalent), b:
classical natural BSE (C-BSE). PrPres was detected using mab
SAF-84. A faint 14-kDa fragment of PrPres (PrPres #2) was
detected in Suffolk by prolonged exposure of the same membrane
as that depicted in Fig. 1B. Size markers (in kDaltons) are
indicated on the left. (TIF)
Figure S2 PrPres of #294 (Corriedale sheep). Lane 1:
cerebral cortex, lane 2: brainstem (pons), lane 3: cerebellar
medulla, lane 4: cerebellar cortex, lane 5: obex, Mo: mouse-
adapted scrapie, b: C-BSE, h: H-type atypical BSE. PrPres was
detected using mab. SAF-84. The difference in PrPres#2
distribution was shown by prolonged exposure of the same
membrane as that depicted in Fig. 3C. Mab 44B1 [49], that
recognizes the subregion 159–234 of sheep PrP showed a similar
result to that of SAF-84 (data not shown). (TIF)
Figure S3 PrP
Sc distribution in experimental sheep. Immuno-
histochemical analyses of experimentally challenged sheep: #2314
(Suffolk) and #294 (Corriedale). Left: thalamus and hypothala-
mus, right: cerebellum. PrP
Sc immunolabeling was achieved using
mabT1. (TIF)
Figure S4 PrPres distribution in the peripheral tissues of #2314
(Suffolk sheep) (A) and #294 (Corriedale sheep) (B). Lane 1:
trigeminal ganglia, 2: stellate ganglia, 3: vagosympathetic trunk, 4
and 5: vagus nerve, 6: accessory nerve, 7: brachial nerve plexus, 8:
median nerve, 9: radial nerve, 10: phrenic nerve, 11: sciatic nerve,
12: optic nerve, 13: retina, 14: pituitary gland, 15: spleen, 16:
tonsil, 17: retropharyngeal lymph node, 18: mandibular lymph
node, 19: anterior mediastinal lymph node, 20: anterior cervical
lymph node, 21: subiliac lymph node, 22: popliteal lymph node,
23: hepatic lymph node, 24: internal iliac lymph node, 25: external
iliac lymph node, 26: mesenteric lymph node, 27: renal lymph
node, 28: thymus, 29: spinal cord, 30: parotid gland, 31:
mandibular gland, 32: thyroid gland, 33: liver, 34: kidney, 35:
pancreas, 36: adrenal gland, Mo: mouse-adapted scrapie. Note
that in sheep #2314 (Suffolk), most of the peripheral nervous and
lymphoid tissues harbored PrPres. In sheep #294 (Corriedale), the
spinal cord, vagus nerve, optic nerve, retina, spleen, and several
lymph nodes were positive for PrPres. (TIF)
Figure S5 Lesion profile of scrapie-passaged TgBoPrP mice.
Vacuolation in each brain region was scored on a scale of 0–5
(mean values). 1, dorsal medulla; 2, cerebellar cortex; 3, superior
cortex; 4, hypothalamus; 5, thalamus; 6, hippocampus; 7, septal
nuclei of the paraterminal body; 8, cerebral cortex at the levels of
the hypothalamus and thalamus; and 9, cerebral cortex at the level
of the septal nuclei of the paraterminal body [50]. Filled circles:
G3571-affected TgBoPrP mice, filled squares: #2314-affected
TgBoPrP mice, open circles: #294-affected TgBoPrP mice. The
numbers of mice used for each analysis is shown in Table 3 (n=6
or 7). (TIF)
Acknowledgments
We thank the laboratory staff at Prion Disease Research Center for
providing technical support and the animal care staff at the National
Institute of Animal Health for maintaining the experimental animals. We
also thank Dr. M. Shinagawa for his encouragement.
Author Contributions
Conceived and designed the experiments: TY. Performed the experiments:
TY KM MJS SY HO YI MI Y. Matsuura Y. Murayama. Analyzed the
data: TY KM SY HO. Contributed reagents/materials/analysis tools:
TY MJS. Wrote the paper: TY MJS SM.
Heterogeneity of Scrapie Prions in Sheep
PLoS ONE | www.plosone.org 9 November 2010 | Volume 5 | Issue 11 | e15450References
1. Prusiner SB (1991) Molecular biology of prion diseases. Science 252: 1515–1522.
2. Caughey B, Raymond GJ (1991) The scrapie-associated form of PrP is made
from a cell surface precursor that is both protease- and phospholipase-sensitive.
J Biol Chem 266: 18217–18223.
3. Collinge J, Sidle KC, Meads J, Ironside J, Hill AF (1996) Molecular analysis of
prion strain variation and the aetiology of ‘new variant’ CJD. Nature 383:
685–690.
4. Hayashi HK, Yokoyama T, Takata M, Iwamaru Y, Imamura M, et al. (2005)
The N-terminal cleavage site of PrP
Sc from BSE differs from that of PrP
Sc from
scrapie. Biochem Biophys Res Commun 328: 1024–1027.
5. Arsac JN, Andreoletti O, Bilheude JM, Lacroux C, Benestad SL, et al. (2007)
Similar biochemical signatures and prion protein genotypes in atypical scrapie
and Nor98 cases, France and Norway. Emerg Infect Dis 13: 58–65.
6. Collinge J (1999) Variant Creutzfeldt-Jakob disease. Lancet 354: 317–323.
7. Eloit M, Adjou K, Coulpier M, Fontaine JJ, Hamel R, et al. (2005) BSE agent
signatures in a goat. Vet Rec 156: 523–524.
8. Bruce ME (1996) Strain typing studies of scrapie and BSE. In: Baker HF,
Ridley RM, eds. Prion diseases. Totowa: Human Press. pp 223–236.
9. Bessen RA, Marsh RF (1994) Distinct PrP properties suggest the molecular basis
of strain variation in transmissible mink encephalopathy. J Virol 68: 7859–7868.
10. Legname G, Nguyen HO, Baskakov IV, Cohen FE, Dearmond SJ, et al. (2005)
Strain-specified characteristics of mouse synthetic prions. Proc Natl Acad
Sci U S A 102: 2168–2173.
11. Telling GC, Parchi P, DeArmond SJ, Cortelli P, Montagna P, et al. (1996)
Evidence for the conformation of the pathologic isoform of the prion protein
enciphering and propagating prion diversity. Science 274: 2079–2082.
12. Owen JP, Rees HC, Maddison BC, Terry LA, Thorne L, et al. (2007) Molecular
profiling of ovine prion diseases by using thermolysin-resistant PrP
Sc and
endogenous C2 PrP fragments. J Virol 81: 10532–10539.
13. Hope J, Wood SC, Birkett CR, Chong A, Bruce ME, et al. (1999) Molecular
analysis of ovine prion protein identifies similarities between BSE and an
experimental isolate of natural scrapie, CH1641. J Gen Virol 80(Pt 1): 1–4.
14. Lezmi S, Martin S, Simon S, Comoy E, Bencsik A, et al. (2004) Comparative
molecular analysis of the abnormal prion protein in field scrapie cases and
experimental bovine spongiform encephalopathy in sheep by use of Western
blotting and immunohistochemical methods. J Virol 78: 3654–3662.
15. Baron T, Biacabe AG (2007) Molecular behaviors of ‘‘CH1641-like’’ sheep
scrapie isolates in ovine transgenic mice (TgOvPrP4). J Virol 81: 7230–7237.
16. Baron T, Crozet C, Biacabe AG, Philippe S, Verchere J, et al. (2004) Molecular
analysis of the protease-resistant prion protein in scrapie and bovine spongiform
encephalopathy transmitted to ovine transgenic and wild-type mice. J Virol 78:
6243–6251.
17. Stack M, Jeffrey M, Gubbins S, Grimmer S, Gonzalez L, et al. (2006)
Monitoring for bovine spongiform encephalopathy in sheep in Great Britain,
1998-2004. J Gen Virol 87: 2099–2107.
18. Baron T, Bencsik A, Vulin J, Biacabe AG, Morignat E, et al. (2008) A C-
terminal protease-resistant prion fragment distinguishes ovine ‘‘CH1641-like’’
scrapie from bovine classical and L-Type BSE in ovine transgenic mice. PLoS
Pathog 4: e1000137.
19. Shimada K, Hayashi HK, Ookubo Y, Iwamaru Y, Imamura M, et al. (2005)
Rapid PrP
Sc detection in lymphoid tissue and application to scrapie surveillance
of fallen stock in Japan: variable PrP
Sc accumulation in palatal tonsil in natural
scrapie. Microbiol Immunol 49: 801–804.
20. Yokoyama T, Kimura KM, Ushiki Y, Yamada S, Morooka A, et al. (2001) In
vivo conversion of cellular prion protein to pathogenic isoforms, as monitored by
conformation-specific antibodies. J Biol Chem 276: 11265–11271.
21. Scott MR, Safar J, Telling G, Nguyen O, Groth D, et al. (1997) Identification of
a prion protein epitope modulating transmission of bovine spongiform
encephalopathy prions to transgenic mice. Proc Natl Acad Sci U S A 94:
14279–14284.
22. Scott MR, Will R, Ironside J, Nguyen HO, Tremblay P, et al. (1999) Compelling
transgenetic evidence for transmission of bovine spongiform encephalopathy
prions to humans. Proc Natl Acad Sci U S A 96: 15137–15142.
23. Hayashi H, Takata M, Iwamaru Y, Ushiki Y, Kimura KM, et al. (2004) Effect of
tissue deterioration on postmortem BSE diagnosis by immunobiochemical
detection of an abnormal isoform of prion protein. J Vet Med Sci 66: 515–520.
24. Shinagawa M, Takahashi K, Sasaki S, Doi S, Goto H, et al. (1985)
Characterization of scrapie agent isolated from sheep in Japan. Microbiol
Immunol 29: 543–551.
25. Bencsik AA, Debeer SO, Baron TG (2005) An alternative pretreatment
procedure in animal transmissible spongiform encephalopathies diagnosis using
PrPsc immunohistochemistry. J Histochem Cytochem 53: 1199–1202.
26. Furuoka H, Yabuzoe A, Horiuchi M, Tagawa Y, Yokoyama T, et al. (2007)
Species-specificity of a panel of prion protein antibodies for the immunohisto-
chemical study of animal and human prion diseases. J Comp Pathol 136: 9–17.
27. Lee HS, Brown P, Cervenakova L, Garruto RM, Alpers MP, et al. (2001)
Increased susceptibility to Kuru of carriers of the PRNP 129 methionine/
methionine genotype. J Infect Dis 183: 192–196.
28. Westaway D, Goodman PA, Mirenda CA, McKinley MP, Carlson GA, et al.
(1987) Distinct prion proteins in short and long scrapie incubation period mice.
Cell 51: 651–662.
29. Westaway D, Zuliani V, Cooper CM, Da Costa M, Neuman S, et al. (1994)
Homozygosity for prion protein alleles encoding glutamine-171 renders sheep
susceptible to natural scrapie. Genes Dev 8: 959–969.
30. Kimberlin RH, Walker CA (1978) Evidence that the transmission of one source
of scrapie agent to hamsters involves separation of agent strains from a mixture.
J Gen Virol 39: 487–496.
31. Masujin K, Shu Y, Okada H, Matsuura Y, Iwamaru Y, et al. (2009) Isolation of
two distinct prion strains from a scrapie-affected sheep. Arch Virol 154:
1929–1932.
32. Foster JD, Dickinson AG (1988) The unusual properties of CH1641, a sheep-
passaged isolate of scrapie. Vet Rec 123: 5–8.
33. Stack MJ, Chaplin MJ, Clark J (2002) Differentiation of prion protein glycoforms
from naturally occurring sheep scrapie, sheep-passaged scrapie strains (CH1641
and SSBP1), bovine spongiform encephalopathy (BSE) cases and Romney and
Cheviot breed sheep experimentally inoculated with BSE using two monoclonal
antibodies. Acta Neuropathol 104: 279–286.
34. Jeffrey M, Gonzalez L, Chong A, Foster J, Goldmann W, et al. (2006) Ovine
infection with the agents of scrapie (CH1641 isolate) and bovine spongiform
encephalopathy: immunochemical similarities can be resolved by immunohis-
tochemistry. J Comp Pathol 134: 17–29.
35. Polymenidou M, Stoeck K, Glatzel M, Vey M, Bellon A, et al. (2005)
Coexistence of multiple PrPSc types in individuals with Creutzfeldt-Jakob
disease. Lancet Neurol 4: 805–814.
36. Yull HM, Ritchie DL, Langeveld JP, van Zijderveld FG, Bruce ME, et al. (2006)
Detection of type 1 prion protein in variant Creutzfeldt-Jakob disease.
Am J Pathol 168: 151–157.
37. Konold T, Lee YH, Stack MJ, Horrocks C, Green RB, et al. (2006) Different
prion disease phenotypes result from inoculation of cattle with two temporally
separated sources of sheep scrapie from Great Britain. BMC Vet Res 2: 31.
38. Mabbott NA, Bruce ME (2001) The immunobiology of TSE diseases. J Gen
Virol 82: 2307–2318.
39. Prinz M, Heikenwalder M, Junt T, Schwarz P, Glatzel M, et al. (2003)
Positioning of follicular dendritic cells within the spleen controls prion
neuroinvasion. Nature 425: 957–962.
40. Siso S, Jeffrey M, Houston F, Hunter N, Martin S, et al. (2010) Pathological
phenotype of sheep scrapie after blood transfusion. J Comp Pathol 142: 27–35.
41. Baron T, Bencsik A, Morignat E (2010) Prions of ruminants show distinct
splenotropisms in an ovine transgenic mouse model. PLoS One 5: e10310.
42. Ushiki-Kaku Y, Endo R, Iwamaru Y, Shimizu Y, Imamura M, et al. (2010)
Tracing conformational transition of abnormal prion proteins during interspe-
cies transmission by using novel antibodies. J Biol Chem 285: 11931–11936.
43. Telling GC, Scott M, Mastrianni J, Gabizon R, Torchia M, et al. (1995) Prion
propagation in mice expressing human and chimeric PrP transgenes implicates
the interaction of cellular PrP with another protein. Cell 83: 79–90.
44. Apetri AC, Surewicz K, Surewicz WK (2004) The effect of disease-associated
mutations on the folding pathway of human prion protein. J Biol Chem 279:
18008–18014.
45. Masujin K, Shu Y, Yamakawa Y, Hagiwara K, Sata T, et al. (2008) Biological
and biochemical characterization of L-type-like bovine spongiform encephalop-
athy (BSE) detected in Japanese black beef cattle. Prion 2: 123–128.
46. Yokoyama T, Masujin K, Iwamaru Y, Imamura M, Mohri S (2009) Alteration
of the biological and biochemical characteristics of bovine spongiform
encephalopathy prions during interspecies transmission in transgenic mice
models. J Gen Virol 90: 261–268.
47. Casalone C, Zanusso G, Acutis P, Ferrari S, Capucci L, et al. (2004)
Identification of a second bovine amyloidotic spongiform encephalopathy:
molecular similarities with sporadic Creutzfeldt-Jakob disease. Proc Natl Acad
Sci U S A 101: 3065–3070.
48. Wilesmith JW, Ryan JB, Atkinson MJ (1991) Bovine spongiform encephalop-
athy: epidemiological studies on the origin. Vet Rec 128: 199–203.
49. Kim CL, Umetani A, Matsui T, Ishiguro N, Shinagawa M, et al. (2004)
Antigenic characterization of an abnormal isoform of prion protein using a new
diverse panel of monoclonal antibodies. Virology 320: 40–51.
50. Fraser H, Dickinson AG (1968) The sequential development of the brain lesion
of scrapie in three strains of mice. J Comp Pathol 78: 301–311.
Heterogeneity of Scrapie Prions in Sheep
PLoS ONE | www.plosone.org 10 November 2010 | Volume 5 | Issue 11 | e15450